Abstract The paper focuses on the optimization procedure concerning the synthesis method resulting in highly ordered titania nanotubes doped with iodine atoms. The doping process was based on the electrochemical treatment of a titania nanotube layer immersed in a potassium iodide (KI) solution acting as an iodine precursor. A number of endeavors were undertaken in order to optimize the doping conditions. Electrolyte concentration, reaction voltage, and time/duration were the main factors that influenced the iodine (I)-doping effect on the photoactivity. The parameters of electrochemical doping that result in a material characterized by the highest photocurrent density are as follows: reaction voltage of 1.5 V, duration of 15 min, and 0.1 M KI. Different spectroscopic techniques, i.e., UV-Vis spectroscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy were used to characterize the absorbance capability and the crystalline phase, to confirm the presence of iodine atoms and to study the nature of chemical compounds. The morphology inspection performed by means of scanning electron microscopy shows that the doping process does not affect the ordered tubular architecture. The photocurrent densities of the I-doped sample were six times higher in comparison to those generated by the pure titania nanotube electrode. Moreover, doped samples act as a much better catalyst in the photodegradation process of methylene blue and formation of hydroxyl radicals (•OH) than undoped samples.
Introduction
TiO 2 is currently one of the most studied compounds in materials science. Owing to some outstanding properties (high photo and chemical stability, photocatalytic activity, low cost, and nontoxicity), it is frequently used in photocatalytic removal of organic contaminations [1] , hydrogen generation based on the water splitting process [2, 3] , solar cells [4] , and biomedical devices [5] . In 1999, Zwilling et al. [6] first reported the electrochemical formation of the self-assembled, highly ordered arrays of TiO 2 nanotubes via the anodization process of a titanium metal plate. These findings intensified the research activities that focused on growth, modification, properties, and other possible application areas of these onedimensional (1D) nanostructures. However, the activity of titania nanotubes in processes carried out under illumination is limited by their wide bandgap E bg that corresponds to energy provided by ultraviolet light [7] . Therefore, different strategies were proposed in order to shift the activity of titania towards longer wavelengths. Among them, doping with non-metal atoms is regarded as simple and effective, providing materials that are stable and that exhibit their activity under visible light illumination. For the intentional doping of titania, nitrogen [8] , sulfur [9] , phosphorus [10] , boron [11, 12] , and iodine [13] atoms were proposed as favorable non-metallic candidates. Taking into account a number of scientific reports, nitrogen and boron are the most popular dopant atoms, and their presence in titania structures results in a highly active material, whereas the investigation of other possible non-metal atoms is not as widespread. In the case of iodine-doped TiO 2 nanotubes, many of the fundamental properties and characteristics of this material have been investigated [13] ; however, transient photocurrent stability and generation efficiency of hydroxyl radicals were not studied in details. Here, we focus on a successful optimization strategy for iodine doping of titanium dioxide via an electrochemical process performed on freshly formed titania nanotubes immersed in a potassium iodide (KI) solution.
Despite the vast number of reports on titania nanotubes, no influence of doping parameters on the photoactivity was shown. Thus, we have performed an experiment to optimize the doping conditions in order to obtain the best photocatalytic activity. Materials were characterized using various spectroscopic techniques: UV-Vis, Raman, XRD, and X-ray photoelectron spectroscopy. The morphology and the elemental analysis were studied using the SEM equipped with EDX. The photoactivity of doped and pure nanotube array films was tested during a photocatalytic process, photocurrent measurements and as a formation efficiency of hydroxyl radicals (•OH) on the surface of illuminated samples.
Experimental Material preparation
Titania nanotubes were prepared via anodization of a titanium metal plate (Steam, 99.7 %) performed in a fluoride-rich solution. The procedure that leads to the formation of TiO 2 nanotubes was described in our previous report [8] . To sum it up briefly, the procedure is based on a two-stage anodization process providing highly ordered nanotubular architecture [14] . The first and the second steps were performed in the same conditions: temperature (23°C±1°C), electrolyte composition (0.27 M NH 4 F in 1 %/99 % v/v water/ethylene glycol solution), and anodization parameters (40 V, 2 h). Before the second anodization process, the as-formed nanotubes during the first step were removed by overnight etching in an oxalic acid solution (0.5 % wt). Finally, the titanium plates covered with nanotubes were ultrasonically cleaned in diluted HF in order to remove surface debris.
Iodine doping was performed during an additional electrochemical process, in a two electrode assembly, where the previously prepared titania nanotubes served as an anode and the Pt mesh plate as a cathode. The electrolyte was a solution of potassium iodide (KI). The optimization of the electrochemical doping approach was realized in different conditions. According to the information listed in Table 1 , the doping experiments were carried out with three factors and three levels, namely KI concentration (0.1, 0.5, and 1 M), reaction voltage (0.5, 1.5, and 3 V), and reaction time (5, 15 , and 45 min), respectively.
The prepared samples, pure and iodine-doped titania nanotubes, were rinsed in deionized water and annealed at temperature of 450°C for 2 h (heating rate 2°C min ) in order to transform the amorphous titania into the crystalline phase.
Characterization
The morphology and cross-section of the samples were investigated by means of the Schottky field emission scanning electron microscopy (FEI Quanta FEG 250) with ET secondary electron detector. For an elemental analysis, the energydispersive X-ray spectroscopy was performed by means of the EDAX Genesis APEX 2i with the ApolloX SDD spectrometer in a particular area of each sample. The UV-Vis reflectance spectra of titania nanotubes were measured with a dual beam UV-Vis spectrophotometer (Lambda 35, Perkin Elmer) equipped with a diffuse reflectance accessory. Bandgap energy values were determined as the intercept of the tangent of the plot of transformation of the Kubelka-Munk function (KM 0.5 E ph 0.5 ) vs. photon energy, where KM=(1−R) 2 /2R, R-the intensity of radiation reflected from the sample. The exponent applied at the Kubelka-Munk function is related with the type of bandgap transition. Because titanium dioxide is characterized by a direct bandgap, the value of exponent equals 0.5 [15] . The Raman spectra were recorded by a confocal micro-Raman spectrometer (InVia, Renishaw) with sample excitation, by means of an argon ion laser emitting at 514. The crystalline phase of obtained materials was identified by X-ray diffraction (XRD, Rigaku Miniflex 600) analysis. The measurement was performed with Cu Kα radiation at 2θ angles from 5°to 90°with scan speed of 0.02°min
. Crystallite size was calculated from the half height width of the (101) diffraction peak of anatase using the Scherrer equation. Escalab 250Xi by ThermoFisher Scientific was used to carry out high-resolution X-ray photoelectron spectroscopy (XPS) measurements to determine the chemical binding properties of the surface, utilizing monochromatic Al Kα source with charge neutralization implemented by means of a flood gun. High-resolution spectra were recorded at energy step size of 0.1 eV at pass energy of 10 eV. In order to normalize spectroscopic measurements, X axis (binding energy, E bin ) from XPS spectrum was calibrated for peak characteristics of neutral carbon 1 s (E bin =284.6 eV). Data analysis was performed using the Avantage software provided by the manufacturer.
Photocurrent measurement
The photoelectrochemical studies on pure and iodine-doped titania nanotubes were conducted using the AutoLab PGStat 302N potentiostat-galvanostat system (Methrom, AutoLab) in the standard three-electrode arrangement, where titanium foil covered by nanotubes served as a working electrode (active surface area of 0.5 cm 2 ). The Pt mesh was used as a counter electrode, while Ag/AgCl/0.1 M KCl as a reference electrode. All electrochemical tests were carried out in deaerated 0.5 M K 2 SO 4 . The photocurrent was registered at the working electrode potential of +0.5 V vs. Ag/AgCl/0.1 M KCl. A 150 W xenon lamp (Osram XBO 150; AM1.5 filter) was used as a light source with irradiation intensity adjusted to 100 mW cm −2 (Ophir) of methylene blue solution (MB) with the same il lum inati on conditions as during the photoelectrochemical measurements. A titanium plate (surface of 1 and 4 cm 2 ) covered by pure and doped nanotube arrays was immersed in 10 μmol/dm 3 methylene blue solution and exposed to irradiation after 30 min (needed to reach equilibrium of adsorption). The concentration of MB during decomposition was monitored every 10 min using the Lambda 35 UV-Vis spectrophotometer (Perkin Elmer). The blank experiment was carried out under the same conditions but without any catalyst samples immersed in the solution. Additionally, the generation of hydroxyl radical (•OH) illuminated under a xenon lamp (Osram XBO 150 with AM1.5 filter) for pure and doped TiO 2 nanotubes was detected by means of the photoluminescence technique using the terephthalic acid (TA) as a probe molecule. The geometric area of the sample immersed in TA solution was 2.5 cm 2 . Under illumination, terephthalic acid easily reacts with •OH t o p r o d u c e a h i g h l y f l u o r e s c e n t p r o d u c t , 2 -hydroxyterephthalic acid [16] . The intensity of the PL peak of 2-hydroxyterephthalic acid is directly proportional to the amount of formed •OH radicals [17] . The initial concentration of TA was 50 mM in 2 mM NaOH.
Results and discussion
Morphology and structure studies Figure 1 presents the top-view morphologies of pure and doped titania nanotubes. Since the morphologies for the entire set of prepared iodine (I)-doped TNT arrays samples were similar, we have shown here a representative sample after a 
1-M-concentrated KI solution. The uniform layers obtained are composed of highly ordered and aligned tubes. When comparing SEM images, no difference was observed in the nano-architecture between the doped and undoped materials. Thus, electrochemical doping does not affect the morphology, and only the presence of dopant atoms can have an impact on their structural properties and photoactivity. Images registered at much higher magnification (see Fig. 1c ) allow definition of the tube dimensions: 95 nm in diameter and 37 nm of wall thickness at the top level of the entire titania layer. As it can be seen in Fig. 2 , the SEM image at the cross-section of iodinedoped TiO 2 was also taken together with the EDX analysis. The tube length for I-TiO 2 was 2.2 μm-the same length as for the undoped material. Apart from the titanium, carbon, potassium, and oxygen, the signal attributed to iodine was also detected at the level of 0.31 at%. This allows us to conclude that the electrochemical doping strategy leads to the introduction of iodine atoms into the titania nanotube layer.
In Fig. 3a , the absorbance curves and the Tauc plot are shown. As it is typical for titanium dioxide materials, the highest absorbance was registered in the UV range [18] . An additional wide absorption band is present in the visible range with maximum at 550 nm, which could be assigned to the presence of some sub-bandgap states resulting from the unique structure of the titania nanotube [8] . In the case of doped samples, the absorbance in the range of 450-900 nm is more intensive when compared to a pure sample. Based on the Tauc plot, the bandgap energy value was determined and equals 2.95 for I-TiO 2 , whereas for pure TiO 2 E bg =3.07 eV. Such a decrease in E bg value and enhancement in the absorbance in the visible range is typically observed for titania that was successfully doped with non-metal atoms [19] .
In order to verify the crystalline phase of pristine and modified titania, the Raman spectra were recorded and shown in Fig. 3 . In general, the Raman spectra for both the undoped and iodine-doped samples are almost the same, indicating that as a result of electrochemical treatment, no significant changes were introduced to the crystal structure of TiO 2 nanotubes in iodinecontaining electrolyte. However, a slight shift of E g(1) maximum from 143.28 cm −1 registered for pure TiO 2 towards 144.47 cm
for I-TiO 2 can be observed. This shift could result from an increase of crystalline defects formed in the titanium dioxide framework because of the presence of iodine ions [20] . According to Choudhury et al. [21] , a change of the E g(1) band position is caused by the introduction of dopant atoms that disturb the Ti-O-Ti arrangement and generate oxygen vacancies. Figure 4 shows XRD spectra registered for iodine-doped and pure titania layers. All the crystallite phases could be indexed from their corresponding characteristic peaks using the anatase phase (A) (JCPDS No. 21-1272) and the titanium (Ti) phase (JCPDS No. 44-1294) [22] acting as TiO 2 NT support. It should be noted that any peak typical for rutile was not observed. Furthermore, the lack of signal attributed to dopant atoms results from their low content in the material and cannot be detected by XRD [17] . Basing on the Scherrer equation, crystalline size was calculated and equals 17.3 nm for pure and 25.9 nm for iodine-doped titania. Increase in crystallite size is probably due to the incorporation of dopant atoms into the structure, e.g., substitution of the lattice oxygen and titanium atoms or introduction of iodine at the interstitial sites [17] .
The presence of iodine and its chemical nature in fabricated nanotubes were investigated using the X-ray photoelectron spectroscopy. Figure 5 shows the high-resolution XPS spectra for the iodine reach region that was only found in a doped sample. The XPS spectra as well as the position of each maxima recorded for pure titania nanotubes were described in our previous report [8] . According to these results, relating to undoped and iodine-doped TiO 2 nanotubes, the signals typical for Ti, O, and C were registered. The positions of maxima of fitted spectra found for doped nanotube arrays as well as for the undoped material are listed in Table 2 . The atomic ratio of Ti:O:I is 1:2.57:0.080. The XPS spectra of I3d region exhibit clear doublet with peaks registered close to 618 and 630 eV similarly to other I-TiO 2 materials [23, 24] . As it can be seen, these iodine bands were deconvoluted into two doublets, ascribed as: A (617.07 eV; 628.45 eV) and B (618.40 eV; 
eV).
To date, such deconvolution into two doublets was reported for iodine-doped graphene oxide [25] or bismuth oxide [26] . Cabibil et al. [27] considered the signals near 620 eV as C-I bonding. On the other hand, the analysis of iodine spectra registered for non-stoichiometric oxide; BOI 1.5 was fitted with two sets of peaks similarly as in our case. One is attributed to bulk iodine and another to iodine anion from the excess of KI. Thus, because the presence of potassium traces was confirmed on the XPS survey spectra, the most likely interpretation of two doublets in the case of ITiO 2 can be attributed to the interstitial iodine and iodine present in KI residues.
A shift in the value of Ti2p3/2 binding energy for I-TiO 2 can be observed when compared to pure titania, which may be caused by the formation of the new chemical arrangement I-Ti-O [28] . The bands assigned to oxygen and those found for iodine-doped titania possess their maxima at a higher energy value when compared to the adequate position of O1s for an undoped sample. Such a notable shift of O1s maxima could be due to a partial substitution of oxidation states as reported by Wang et al. [29] in the case of nitrogen-and carbon-doped TiO 2 .
Photoelectroactivity
The chronoamperometry measurements performed at working electrode potential E=+0.5 V vs. Ag/AgCl/0.1 M KCl have enabled the examination of the influence of doping on the photoactivity and photostability of the TiO 2 nanotubes. In Fig. 6 , the transient photocurrent response is given for the pure and different iodine-doped TiO 2 samples registered during the on-off periods of UV-Vis irradiation, whereas Table 3 lists the values of the photocurrent density registered after 8 min of measurement duration, in addition to the enhancement factors. The enhancement factor was calculated as a ratio between the photocurrent density registered for doped material and pure TiO 2 . All titania samples doped with iodine, despite different doping conditions, possess much higher photocurrents than pristine titania. Furthermore, the lack of steady current diminution suggests that the material is characterized by resistance to photocorrosion processes. The highest steady-state photocurrent was observed for I-TiO 2 and reached the value of almost 158 μA cm . Thus, the photocurrents were nearly six times higher than the current registered for pristine titania. A c c o r d i n g t o t h e v a l u e s g i v e n i n Ta b l e 3 , the photoelectrochemical properties of I-doped titania nanotubes are strongly dependent on the conditions of the electrochemical doping procedure. It was found that electrolyte concentration, reaction voltage, and reaction time are the three most important parameters that highly influence the effect of iodine doping on material photoactivity. Summarizing, on the basis of the enhancement factor value, the optimal I-doping conditions were determined as follows: reaction voltage is 1.5 V, reaction time is 15 min, and electrolyte concentration is 0.1 M.
Photocatalytic properties
The activity of the prepared samples towards efficient photodegradation of methylene blue (MB) as model organic pollutant was tested in order to compare doped and pure titania as catalytic materials. The progress in photocatalytic degradation of methylene blue under solar light with immersed plates covered by titania nanotubes is presented in Fig. 7a . For comparison, a blank experiment under simulated sunlight irradiation without a photocatalyst sample was also performed. After 2 h of constant illumination, the degradation of methylene blue reached 40 % for pure TiO 2 used as photocatalyst, whereas the degradation efficiency for I-TiO 2 reached 86 %. The increase in efficiency of the degradation process was observed due to the doping of titania nanotubes with iodine which caused a shift in the absorbance ability towards visible light. Such an improvement can also be explained in terms of a more effective separation of photogenerated charges: electron and holes.
In Fig. 7b ,c, the changes of PL intensity versus irradiation time are plotted. As it can be seen, the generated spectra have a very similar shape with maximum located at 535 nm. Within the duration of exposure to UV-Vis illumination of TA solution, the fluorescence intensity increases gradually. However, in the case of iodine-doped TiO 2 , the rate of the fluorescence change is much higher when compared to cases when pristine titania is used as the catalyst. This difference results from changes in the formation rate of •OH radicals and implies that the doped nanotubes are characterized by a much higher photocatalytic activity than the pure sample. Therefore, the presence of iodine dopant could effectively induce the intense absorbance of visible light, thereby generating a higher •OH radical concentration. Additionally, the iodine dopant could facilitate the separation and transfer of photoinduced electrons and holes pairs, leading to a longer lifetime of generated charge carriers [15, 16] .
Conclusions
There was proposed optimization procedure in order to achieve highly photoactive and stable titania nanotube arrays doped with iodine. It has been found that electrolyte concentration, reaction voltage, and time are the most crucial factors affecting the photoelectrochemical response of the doped material. According to the inspection performed via scanning electron microscopy, the electrochemical treatment in electrolyte containing KI as iodine precursor does not affect the tubular architecture of the as-anodized titania. The presence of iodine species was confirmed by both the energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy techniques. An iodine-doped sample possesses lower bandgap energy than pure titania but the material is still characterized by an anatase crystalline phase. The test performed under sample irradiation showed that iodine doping radically improves the photocatalytic activity as well as the generation of a photocurrent. On the basis of the highest photocurrent enhancement, the optimal conditions were determined as follows: 1.5 V of reaction voltage, duration time of 15 min, and concentration of 0.1 M KI. After 2 h of constant illumination, the degradation of methylene blue reached 40 % in the presence of pure titania nanotubes, whereas in the case of I-TiO 2 , this value reached 86 %. In summary, because of the remarkably improved photoactivity of I-TiO 2 in comparison to pristine TiO 2 , the iodine doping approach shows good potential for titania modification resulting in a material that could be applied as a photoelectrode in dye-sensitized solar cells or for sustainability in the photocatalytic degradation of hazardous chemicals.
